Background
==========

Pancreatic cancer (PC) is a high-mortality disease. At present, early diagnosis of PC still remains difficult \[[@b1-medscimonit-25-6085]\]. However, current therapeutic strategies are not very effective in increasing patient survival \[[@b2-medscimonit-25-6085]\]. Currently, 5-year relative survival is still below 8% \[[@b3-medscimonit-25-6085]\]. Thus, new treatment strategies for PC are the focus of current research.

Gemcitabine (GEM) is a cycle-specific, anti-metabolic, anti-tumor drug that mainly acts on tumor cells in the DNA synthesis phase (S phase), GEM alone, or in combination with other agents, and remains the standard of treatment method for PC. However, many PC cells are resistant to GEM, which makes it very difficult to treat \[[@b4-medscimonit-25-6085]\]. Doxorubicin (DOX) is an anthracycline antibiotic and a first-line anti-tumor drug for the treatment of a wide variety of cancers, but free DOX has adverse effects of irreversible cardiomyopathy and heart failure, which limit its clinical uses \[[@b5-medscimonit-25-6085],[@b6-medscimonit-25-6085]\]. However, DOX treatment often results in the development of resistance in many cancer types. Chemoresistance of DOX is a complex process involving the regulation of many cellular biology processes through various mechanisms, including increased expression of p-glycoprotein efflux transporter protein \[[@b7-medscimonit-25-6085], [@b8-medscimonit-25-6085]\]. Many studies have suggested that inhibition of the PI3K/AKT and NF-κB pathways plays an important role in improving the effectiveness of DOX \[[@b9-medscimonit-25-6085],[@b10-medscimonit-25-6085]\]. The PI3K/AKT pathway plays a crucial role in cell proliferation, survival, and drug resistance through regulating multiple downstream cascades in various cancers, including PC cells \[[@b11-medscimonit-25-6085],[@b12-medscimonit-25-6085]\]. Once activated, AKT can phosphorylate multiple substrates and downstream effectors, such as the mammalian target of rapamycin (mTOR) family, caspases, cell cycle proteins, and NF-κB \[[@b9-medscimonit-25-6085]\]. NF-κB also has a therapeutic effect in ameliorating chemoresistance \[[@b13-medscimonit-25-6085],[@b14-medscimonit-25-6085]\]. NF-κB proteins in resting cells are retained in the cytoplasm in relation to inhibitory Ikappa-B (IκB) proteins. When activated, IkappaB-alpha (IκB-α) is phosphorylated by IκB kinase, leading to the ubiquitination and subsequent degradation of IκB-α by the proteasome with cooperative phosphorylation of p65 \[[@b15-medscimonit-25-6085],[@b16-medscimonit-25-6085]\].

Irisin is a recently discovered myokine secreted from skeletal myocytes during exercise, which can induce the browning of white adipose tissues (WAT) \[[@b17-medscimonit-25-6085]\]. Irisin has been reported to play an important role in obesity and type 2 diabetes mellitus (T2DM), cardiovascular disease (CVD), and other metabolic diseases \[[@b18-medscimonit-25-6085]--[@b21-medscimonit-25-6085]\]. Obesity and type 2 diabetes (T2DM) have been reported to be PC-related risk factors, and overweight people have an increased risk of developing PC and mortality \[[@b22-medscimonit-25-6085]\]. Aydin et al. found higher expression of irisin in ductal adenocarcinoma compared with normal pancreas tissue \[[@b23-medscimonit-25-6085]\]. Recent studies indicated that irisin has effects on a number of tumor types and it has been reported to enhance the sensitivity of cancer cells to DOX \[[@b24-medscimonit-25-6085],[@b25-medscimonit-25-6085]\]. Irisin has been shown to participate in the PI3K/AKT signaling pathway when regulating various functions, such as protecting against endothelial injury and inhibiting hepatic gluconeogenesis \[[@b26-medscimonit-25-6085],[@b27-medscimonit-25-6085]\]. Irisin has been reported to have an inhibitory effect in breast cancer cells and to make DOX more effective in breast cancer cells through NF-κB cell signaling \[[@b24-medscimonit-25-6085]\], while in lung cancer cells, irisin can inhibit activation of the PI3K/AKT pathway \[[@b25-medscimonit-25-6085]\].

An adverse effect of DOX is its long-term use leading to acute cardiotoxicity \[[@b28-medscimonit-25-6085],[@b29-medscimonit-25-6085]\]. It has been reported that DOX has a lower response rate in PC when used as a single agent because of its drug resistance \[[@b28-medscimonit-25-6085],[@b30-medscimonit-25-6085]\]. Thus, there is an urgent need to develop more effective therapeutic agents, used alone or in combination with DOX, to render PC more sensitive to DOX.

In this study, we evaluated the effects of irisin alone and in combination with DOX or GEM on cell viabilities and apoptosis in PC cells. We also investigated the corresponding molecular mechanism by which irisin enhances DOX anti-tumor activity and the effects of irisin on DOX myocardial cytotoxicity.

Material and Methods
====================

Reagents and antibodies
-----------------------

Irisin was expressed and purified as previously described \[[@b31-medscimonit-25-6085]\]. DOX was purchased from Macklin (Shanghai, China). MTT was from Sigma-Aldrich (St. Louis, MO, USA). Annexin V-FITC (fluorescein isothiocyanate) and propidium iodide (PI) Apoptosis Detection Kits were from BestBio (Shanghai, China). One-Step terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) Apoptosis Assay Kits were from Meilune (Dalian, China). Hoechst 33258 was purchased from BestBio (Shanghai, China). Horseradish peroxidase (HRP)-conjugated secondary antibody, anti-PARP, and anti-cleaved caspase-3 antibodies were purchased from Cell Signaling Technology (Boston, MA, USA). Anti-total and anti-phosphorylated (Ser473) AKT, anti-BCL-2 and anti-BCL-xL, and anti-β-actin rabbit antibodies were obtained from Affinity Biosciences (Cincinnati, OH, USA). Anti-total and anti-phosphorylated (Ser536) NF-κB p65 and anti-IκB-α antibodies were purchased from Wanleibio (Shenyang, China). FITC-conjugated secondary antibody was from BIOSS (Beijing, China).

Cell culture
------------

MIA PaCa-2, BxPC-3, and H9c2 cells were from ATCC (Manassas, VA, USA). Cells were cultured in DMEM medium (Gibco, NY, USA) with 10% fetal bovine serum (FBS) in an atmosphere of 5% CO~2~ at 37°C.

Cell viability assay
--------------------

PC cells (1×10^4^ cells/well) were cultured in 96-well plates in DMEM (10% FBS) for 12 h and then treated with DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, and 24 μg/mL) combined with different concentrations of irisin (0, 5, 10, 50, and 100 nM) for 24 h. Cells were treated with GEM (0, 0.375, 0.75, 1.5, 3, 6, 12, 24, and 48 μg/mL) combined with different concentrations of irisin (0, 5, 10, 50, and 100 nM) for 48 h. H9c2 cells were treated with various concentrations of irisin for 24 h. Then, 20 μl of MTT solution (5 mg/mL) was added to each well and incubated for an additional 4 h. Subsequently, the formazan crystals were dissolved in DMSO, and the OD at 570 nm was measured using an Infinite F200 Pro device (TECAN, Switzerland). GraphPad Prism 5.0 software was used to analyze the 50% inhibitive concentration (IC~50~).

Flow cytometry
--------------

The Annexin V-FITC and propidium iodide (PI) Apoptosis Detection Kits were used to monitor the apoptosis levels using flow cytometry. Cells (1×10^5^) were cultured in 12-well plates for 12 h, then exposed to irisin alone, GEM alone, or GEM in combination with irisin for 48 h. Cells for analysis were washed with phosphate-buffered saline (PBS), suspended in 400 μl binding buffer, and stained with 5 μl Annexin V-FITC and 5 μl PI for 15 min in the dark. Cells were analyzed using flow cytometry (CytoFLEX, Beckman Coulter, IN, USA).

Cells were exposed to irisin alone, DOX alone, or DOX in combination with irisin for 24 h. After incubation, cells were exposed to irisin alone, DOX alone, or DOX in combination with irisin for 24 h. After incubation, cells were collected for measurement of DOX fluorescence using flow cytometry (CytoFLEX, Beckman Coulter, IN, USA).

TUNEL assay
-----------

PC cells (1×10^5^ cells/well) were cultured in 12-well plates in DMEM (10% FBS) for 12 h. Cells were then exposed to irisin alone, DOX alone, or DOX in combination with irisin for 24 h. Cells were fixed with 4% paraformaldehyde/PBS, washed with PBS, and then permeabilized with 0.1% Triton X-100 for 2 mins on ice followed by TUNEL for 1 h at 37°C. The FITC-labeled TUNEL-positive cells were imaged by fluorescent microscopy at 488 nm excitation and 530 nm emission. Cells were quantified by counting 100 cells from 10 random microscopic fields.

Western blot analysis
---------------------

Cells for analysis were lysed in ice for 30 min after washing with pre-cooled PBS. The protein supernatants determined by the bicinchoninic acid (BCA) method were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, then electrotransferred onto polyvinylidene difluoride (PVDF) membranes. After blocking with 5% fat-free dry milk in Tris-buffered saline with Tween 20 (TBST) buffer for 30 min, the membranes were immunoblotted with primary antibody solutions at 4°C overnight. After washing 3 times with TBST, HRP-conjugated secondary antibody solutions were applied for 1 h at 37°C. The Tanon 2500 Gel Imaging System (Shanghai, China) was used to detect the blots visualized by enhanced chemiluminescence (ECL) detection reagent (Millipore, Darmstadt, Germany). Protein band intensities were quantified by densitometric analysis using ImageJ software (National Institutes of Health, USA).

Immunofluorescence staining
---------------------------

PC cells (1×10^5^) were cultured in 12-well plates for 12 h, then exposed to irisin alone, DOX alone, or DOX in combination with irisin for 24 h. Cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.5% Triton X-100 for 15 min. Then, cells were blocked with 3% BSA for 1 h, and incubated with Anti-NF-κB p65 rabbit antibody at 37°C for 1. After washing with PBS, FITC-anti-rabbit IgG antibody solutions were added to the cells for 1 h. Cells were then counter-stained with Hoechst 33258 and observed under a fluorescence microscope.

Statistical analysis
--------------------

Data were analyzed statistically using the two-tailed unpaired *t* test for comparison of 2 groups or by one-way ANOVA (analysis of variance), followed by Tukey post hoc tests for comparison of more than 2 groups, with GraphPad Prism 5.0 software. *P*\<*0.05* was considered statistically significant. Data are presented as the mean ± standard error of the mean (SEM).

Results
=======

Irisin enhances the inhibitory effects of DOX in PC cells
---------------------------------------------------------

To evaluate the cytotoxicity of DOX with or without irisin, MIA PaCa-2 and BxPC-3 cells were incubated with 7 concentrations of DOX ranging from 0.375 to 24 μg/mL combined with various concentrations (5, 10, 50, 100 nM) of irisin for 24 h. The viabilities of MIA PaCa-2 ([Figure 1Aa](#f1-medscimonit-25-6085){ref-type="fig"}) and BxPC-3 ([Figure 1Ab](#f1-medscimonit-25-6085){ref-type="fig"}) cells were both inhibited by DOX compared to the control group. In addition, the inhibitory effects increased with increasing concentration of irisin. Results showed that in cells treated with DOX and 100 nM irisin, the IC~50~ value of DOX (0.805±0.037 μg/mL) was significantly lower than that in MIA PaCa-2 cells treated with DOX alone (1.145±0.008 μg/mL; P=0.009) ([Figure 1Ba](#f1-medscimonit-25-6085){ref-type="fig"}). Similar results were also observed in BxPC-3 cells ([Figure 1Bb](#f1-medscimonit-25-6085){ref-type="fig"}), and the IC~50~ value of DOX (1.349±0.129 μg/mL) in the combined group was significantly lower than that (2.682±0.151 μg/mL; P=0.002) in the DOX-treated group. The 0.75 μg/mL and 1.5 μg/mL were chosen for the follow-up experiments as they were the nearest to the concentrations of DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, and 24 μg/mL) to IC~50~ of DOX in the presence of 100 nM irisin. Therefore, the data indicated that irisin enhanced the chemosensitivity to DOX in PC cells.

Irisin enhances the chemosensitivity of PC cells to GEM
-------------------------------------------------------

To evaluate the cytotoxicity of GEM with or without irisin, MIA PaCa-2 and BxPC-3 cells were incubated with 7 concentrations of GEM ranging from 0.375 to 48 μg/mL combined with various concentrations (5, 10, 50, 100 nM) of irisin for 48 h. The viabilities of MIA PaCa-2 ([Figure 2Aa](#f2-medscimonit-25-6085){ref-type="fig"}) and BxPC-3 ([Figure 2Ab](#f2-medscimonit-25-6085){ref-type="fig"}) cells were inhibited by GEM compared to the control group. Moreover, results showed that the IC~50~ value of GEM (8.912±0.221 μg/mL) in the combined group was significantly lower than that in the GEM alone group (15.61±0.636 μg/mL; P=0.0006) ([Figure 2Ba](#f2-medscimonit-25-6085){ref-type="fig"}) in MIA PaCa-2 cells. Similar results were also observed in BxPC-3 cells ([Figure 2Bb](#f2-medscimonit-25-6085){ref-type="fig"}), and the IC~50~ value of GEM (20.11±1.019 μg/mL) in the combined group was significantly lower than that of the GEM-treated group (27.35±2.194 μg/mL; P=0.043). The concentrations of 9 μg/mL and 15 μg/mL were chosen for the apoptosis assay as they were near the IC~50~ concentrations of GEM in the presence of 100 nM irisin. Flow cytometry was used to detect cells apoptosis. The results shown in [Figure 2C and 2D](#f2-medscimonit-25-6085){ref-type="fig"} suggested that the percentage of apoptotic cells was higher in the GEM and irisin combined group in BxPC-3 cells ([Figure 2Cb, 2Db](#f2-medscimonit-25-6085){ref-type="fig"}). In contrast, the percentage of apoptotic cells was not increased in MIA PaCa-2 ([Figure 2Ca, 2Da](#f2-medscimonit-25-6085){ref-type="fig"}).

Irisin enhances DOX-induced apoptosis in PC cells
-------------------------------------------------

To explore the role of irisin in increasing DOX-induced inhibition of PC cell viabilities, cell apoptosis was assessed by TUNEL assay, and the expression of cleaved PARP, cleaved caspase-3, BCL-2, and BCL-xL were evaluated by Western blotting. As shown in [Figure 3A and 3B](#f3-medscimonit-25-6085){ref-type="fig"}, the numbers of TUNEL-positive apoptotic cells in the combined group in MIA PaCa-2 cells (20.40±1.318%) and in BxPC-3 cells (14.60±0.9333%) were significantly increased compared to the control group in MIA PaCa-2 cells ([Figure 3Aa, 3Ba](#f3-medscimonit-25-6085){ref-type="fig"}) (13.70±0.8172%) and in BxPC-3 cells ([Figure 3Ab, 3Bb](#f3-medscimonit-25-6085){ref-type="fig"}) (9.900±1.120%). After the enhancement effects of irisin on DOX-induced apoptotic were detected, the apoptosis-associated proteins were further investigated. The results showed that the expression levels of cleaved PARP and cleaved caspase-3 were both increased in the combination group compared to the DOX alone group ([Figure 3C, 3D](#f3-medscimonit-25-6085){ref-type="fig"}). In addition, there was notable downregulation of BCL-2 and BCL-xL expression in MIA PaCa-2 ([Figure 3Ca, 3Da](#f3-medscimonit-25-6085){ref-type="fig"}) and BxPC-3 ([Figure 3Cb, 3Db](#f3-medscimonit-25-6085){ref-type="fig"}) cells in the combined group. Collectively, these results demonstrated that irisin enhanced DOX-induced apoptosis, increased caspase-3 activity, and decreased the levels of anti-apoptotic proteins in PC cells.

Irisin decreases DOX accumulation in the PC cells
-------------------------------------------------

Fluorescence microscope and flow cytometry experiments were performed to assess the intracellular accumulation of DOX. As shown in [Figure 4A](#f4-medscimonit-25-6085){ref-type="fig"}, the spontaneous red fluorescence of DOX was weaker in the combined groups than in the DOX alone group. As shown in [Figure 4B and 4C](#f4-medscimonit-25-6085){ref-type="fig"}, lower fluorescence intensity was detected in the DOX co-treated with irisin groups compared to the DOX alone groups in MIA PaCa-2 (a) and Bxpc-3 (b) cells. Taken together, these results showed that irisin significantly decreased the intracellular accumulation of DOX in PC cells.

Irisin increases the chemosensitivity of PC cells to DOX via inhibition of the PI3K/AKT and NF-κB signaling pathways
--------------------------------------------------------------------------------------------------------------------

In the present study, the effects of irisin and DOX on the expression of p-AKT in PC cells were assessed. Cells were analyzed at various treatment time points between 1 h and 24 h. Western blot analysis showed that the phosphorylation levels of AKT were decreased by irisin in a time-dependent manner ([Supplemenatry Figure 1Aa, 1Ba](#s1-medscimonit-25-6085){ref-type="supplementary-material"}), suggesting that irisin blocked the activations of the PI3K/AKT pathway in MIA PaCa-2 and BxPC-3 cells. The levels of p-AKT increased after brief (1 h) treatment with DOX and then decreased ([Supplemenatry Figure 1Ab, 1Bb](#s1-medscimonit-25-6085){ref-type="supplementary-material"}). As shown in [Figure 5A and 5B](#f5-medscimonit-25-6085){ref-type="fig"}, DOX alone, irisin alone, and their combination reduced the phosphorylation levels of AKT in MIA PaCa-2 ([Figure 5Aa, 5Ba](#f5-medscimonit-25-6085){ref-type="fig"}) and BxPC-3 ([Figure 5Ab, 5Bb](#f5-medscimonit-25-6085){ref-type="fig"}) cells after 24-h treatment, and the p-AKT change was significantly greater in the combined group. In addition, DOX significantly increased p-p65 and decreased the expression of IκB-α in MIA PaCa-2 ([Figure 5Aa, 5Ba](#f5-medscimonit-25-6085){ref-type="fig"}) and BxPC-3 cells ([Figure 5Ab, 5Bb](#f5-medscimonit-25-6085){ref-type="fig"}). However, irisin significantly suppressed phosphorylation of p65 and prevented the decline in IκB-α. As shown in [Figure 5C](#f5-medscimonit-25-6085){ref-type="fig"}, after exposure to DOX, NF-κB p65 translocations were observed in the nuclei in MIA PaCa-2 (a) and BxPC-3 (b) cells; however, DOX-induced translocations of p65 to nucleus were suppressed in the irisin and DOX combined group. Hence, the results suggested that inhibition of the AKT pathway and suppression of the NF-κB pathway play a critical role in the mechanism of irisin-enhanced chemosensitivity of PC cells to DOX.

Irisin has no effects on DOX-induced cardiotoxicity
---------------------------------------------------

The effects of irisin on DOX-induced cardiotoxicity were studied. Irisin had no effect on the viabilities of H9c2 cells after 24-h treatment ([Figure 6Aa](#f6-medscimonit-25-6085){ref-type="fig"}), while DOX significantly impaired the viabilities in H9c2 cells after 24-h treatment ([Figure 6Ab](#f6-medscimonit-25-6085){ref-type="fig"}). Moreover, the expression levels of cleaved PARP and cleaved caspase-3 were markedly increased in H9c2 cells ([Figure 6Ba, 6Bb](#f6-medscimonit-25-6085){ref-type="fig"}). However, there were no protective or aggravating effects of irisin ([Figure 6Ab](#f6-medscimonit-25-6085){ref-type="fig"}) on DOX-induced injury to myocardial cells. The apoptotic rate of H9c2 cells and expression levels of cleaved PARP and cleaved caspase3 were not increased in the combination group compared to the DOX alone group ([Figure 6Ba, 6Bb](#f6-medscimonit-25-6085){ref-type="fig"}). Therefore, the results demonstrated that irisin has no effects on the cardiotoxicity caused by DOX during 24-h treatment.

Discussion
==========

PC is currently one of the deadliest solid malignancies, and surgery is the preferred treatment for patients in the early stages of the disease. Patients with stage III locally advanced disease should be treated with chemotherapy and/or chemoradiotherapy \[[@b1-medscimonit-25-6085]\], but more effective therapeutic options for PC are required. Studies showed that patients with type 2 diabetes have a 1.8-fold increased risk of PC compared with non-diabetics \[[@b22-medscimonit-25-6085]\]. Irisin has been reported to influence various metabolic diseases \[[@b18-medscimonit-25-6085],[@b32-medscimonit-25-6085]--[@b34-medscimonit-25-6085]\]. Significantly lower levels of irisin were observed in patients with type 2 diabetes mellitus compared with non-diabetic individuals \[[@b32-medscimonit-25-6085],[@b33-medscimonit-25-6085]\]. Recent studies showed that irisin can inhibit the development of cancer cells, including breast cancer \[[@b24-medscimonit-25-6085]\], osteosarcoma \[[@b35-medscimonit-25-6085]\], lung cancer \[[@b25-medscimonit-25-6085]\], and PC \[[@b31-medscimonit-25-6085]\]. In addition, it has been reported that irisin can enhance the cytotoxic effects of DOX on malignant breast epithelial cells through inhibiting NF-κB activation \[[@b24-medscimonit-25-6085]\]. Serum irisin levels were increased in DOX-treated rats, which indicates a role for irisin in DOX treatment of tumors \[[@b36-medscimonit-25-6085]\]. In the present study, PC cells were processed with irisin combined with DOX or GEM. Combined treatment with irisin and DOX or GEM resulted in a remarkable decrease of the IC~50~ of the chemotherapeutic drugs DOX and GEM. However, slight effects of GEM on inducing apoptosis were observed in MIA PaCa-2 cells but not in BxPC-3 cells. Irisin combined with DOX significantly increased apoptosis in MIA PaCa-2 and BxPC-3 cells as identified by TUNEL assay. These results suggest that irisin has different effects on different chemotherapy drugs, which may be due to the mechanism of action of the chemotherapy drugs and irisin \[[@b35-medscimonit-25-6085],[@b37-medscimonit-25-6085],[@b38-medscimonit-25-6085]\]. It has been reported that DOX can induce intrinsic apoptosis in PC cells through regulating BCL-2 and caspase proteins \[[@b28-medscimonit-25-6085],[@b39-medscimonit-25-6085]\]. Cleaved caspase-3 marks the end of the downstream effect of the caspases and irreversibly destroys PARP protein during apoptosis, while BCL-2 is vital for mitochondria-mediated apoptosis \[[@b39-medscimonit-25-6085]\]. Therefore, cleaved caspase-3, cleaved PARP, and pro-apoptotic proteins (BCL-2, BCL-xL) were investigated in this study. It was interesting to find that irisin combined with DOX caused increased levels of cleaved caspase-3 and cleaved PARP, while exacerbating the inhibition of BCL-2 and BCL-xL compared with DOX alone in PC cells. The results showed that irisin can sensitize PC cells to DOX treatment with decreasing DOX accumulation after 24-h treatment, which is consistent with the effect of irisin on the intracellular accumulation of DOX in breast cancer \[[@b24-medscimonit-25-6085]\]. Lower uptake of DOX had more inhibition effect against MIA PaCa-2 and Bxpc-3 cells with the presence of irisin in this study, which suggested that irisin makes DOX more efficient against PC cells. The results indicated that irisin enhances apoptosis of PC cells through the mitochondrial signaling pathway. Many cancers, including PC, breast cancer, lung cancer, gastric cancer, and uterine cancer, have acquired resistance to DOX due to the enhanced survival signal of the PI3K pathway \[[@b28-medscimonit-25-6085]\]. Previous reports have suggested that inhibition of the PI3K/AKT pathway is a possible mechanism for improving the sensitivity of tumors to drugs \[[@b40-medscimonit-25-6085],[@b41-medscimonit-25-6085]\]. NF-κB is an important downstream element of AKT \[[@b11-medscimonit-25-6085]\]. High nuclear NF-κB p65 expression has been reported have associations with poor response to chemotherapy in cancer cell lines \[[@b9-medscimonit-25-6085],[@b11-medscimonit-25-6085]\]. In tilapia pituitary cells, irisin inhibited growth hormone gene expression and secretion by inhibiting PI3K/AKT \[[@b42-medscimonit-25-6085]\]. Another study demonstrated that irisin inhibited epithelial-mesenchymal-transition (EMT) and reduced the invasion of lung cancer cells via mediating the PI3K/AKT/Snail signaling pathway \[[@b25-medscimonit-25-6085]\]. In addition, irisin has been found to suppress NF-κB activation \[[@b24-medscimonit-25-6085]\]. To elucidate the mechanisms involved in irisin-enhancement of DOX-induced apoptosis, PI3K/AKT/NF-κB signaling was examined in this study. The results suggested that irisin inhibited AKT signaling in PC cells in a time-dependent manner, which was consistent with previously published studies, and the results were confirmed. After treatment with irisin or DOX for 24 h, the expression levels of p-AKT were downregulated in both 2 PC cell lines in this study. Moreover, irisin enhanced the suppression of p-AKT and inhibited the activation of NF-κB signaling when used in combination with DOX. In recent years, the combinations of therapeutic molecules and chemotherapy drugs have been reported and provide a novel insight into PC treatment \[[@b43-medscimonit-25-6085]--[@b45-medscimonit-25-6085]\]. The results revealed that irisin sensitized PC cells to DOX and GEM, and represents a novel therapeutic molecule to prevent PC. Considering DOX-induced cardiotoxicity, we investigated whether irisin has a role in DOX-induced H9c2 myocardial cell injury. Our results demonstrated that irisin neither ameliorated nor aggravated DOX-induced toxicity in H9c2 cells after 24-h treatment. The highest concentration of exogeneous irisin used in this study was 100 nM, and it has been reported that 50 nM and 100 nM are the pharmacological concentrations of irisin \[[@b46-medscimonit-25-6085]\]. At certain concentrations, irisin can increase myocardial cell metabolism, inhibit cell proliferation, and promote cell differentiation at 72 h in H9c2 cells by activating the PI3K/AKT pathway \[[@b47-medscimonit-25-6085]\]. Thus, it seems that longer treatment time with irisin in H9c2 cells, and *in vivo* studies may be needed to further explore its effects on DOX-induced myocardial cell injury.

Conclusions
===========

We showed that irisin can increase the chemosensitivity of PC cells to DOX or GEM and enhance DOX-induced apoptosis in PC cancer cells through upregulating cleaved PARP and cleaved caspase-3 and downregulating Bcl-2, BCL-xL, and PI3K/AKT/NF-κB signaling pathway. These results show that combination treatment with DOX and irisin can decrease the dose of DOX but provide similar therapeutic results in clinical practice. Hence, irisin could be used as an adjunctive agent combined with chemotherapy and provides a new approach for the treatment of PC cells.

Supplementary Figure
====================

###### 

Western blot analysis of p-AKT in PC cells. (**A**) Western blot analysis of p-AKT in treated MIA PaCa-2 cells obtained at different time points for irisin (**a**) and DOX (**b**) treatment with β-actin as the loading control. (**B**) Western blot analysis of p-AKT in treated BxPC-3 cells obtained at different time points for irisin (**a**) and DOX (**b**) treatment with β-actin as the loading control.
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![Irisin enhances the inhibitory effects of DOX in PC cells. (**A**) MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells were treated with different concentrations of DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, and 24 μg/mL) combined with different concentrations of irisin (0, 5, 10, 50, and 100 nM) for 24 h. Cell viabilities were then measured by MTT assay. (**B**) IC~50~ of DOX to MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. Error bars represent SEM. \* *P*\<0.05 compared with the control group. ^\#^ *P*\<0.05 compared with the DOX-treated group.](medscimonit-25-6085-g001){#f1-medscimonit-25-6085}

![Irisin enhances the chemosensitivity of PC cells to gemcitabine. (**A**) MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells were treated with different concentrations of GEM (0, 0.375, 0.75, 1.5, 3, 6, 12, 24, and 48 μg/mL) combined with different concentrations of irisin (0, 5, 10, 50, and 100 nM) for 48 h. Cell viabilities were then measured by MTT assay. (**B**) IC~50~ of GEM to MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. Error bars represent SEM. \* *P*\<0.05 compared with the control group. ^\#^ *P*\<0.05 compared with the GEM-treated group. (**C**) MIA PaCa-2 were exposed to 100 nM irisin alone, 9 μg/mL GEM alone, or GEM combined with irisin for 48 h. BxPC-3 cells were exposed to 100 nM irisin alone, 15 μg/mL GEM alone, or GEM combined with irisin for 48 h. The apoptotic rate in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells was analyzed using flow cytometry. (**D**) Quantification of apoptotic cells in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. Error bars represent SEM. \* *P*\<0.05 compared with the control group. ^\#^ *P*\<0.05 compared with the GEM-treated group.](medscimonit-25-6085-g002){#f2-medscimonit-25-6085}

![Irisin enhances DOX-induced apoptosis in PC cells. MIA PaCa-2 cells were exposed to 100 nM irisin alone, 0.75 μg/mL DOX alone, or DOX combined with irisin for 24 h. BxPC-3 cells were exposed to 100 nM irisin alone, 1.5 μg/mL DOX alone, or DOX combined with irisin for 24 h. (**A**) Images (40×) of TUNEL-positive MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells are shown; apoptotic nuclei were identified by TUNEL staining (green), and total nuclei were identified by Hoechst 33258 counterstaining (blue). Scale bars: 200 μm. (**B**) Quantification of apoptotic-positive cells in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. Error bars represent SEM. ^\#^ *P*\<0.05 compared with the DOX-treated group. (**C**) Western blot analysis of the levels of cleaved PARP, cleaved caspase-3, BCL-2, and BCL-xL protein in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. β-actin served as the loading control. (**D**) Quantitation of protein expression in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. Error bars represent SEM. \* *P*\<0.05 compared with the control group. ^\#^ *P*\<0.05 compared with the DOX-treated group.](medscimonit-25-6085-g003){#f3-medscimonit-25-6085}

![Irisin decreased DOX accumulation in the PC cells. MIA PaCa-2 were exposed to 100 nM irisin alone, 0.75 μg/mL DOX alone, or DOX combined with irisin for 24 h. BxPC-3 cells were exposed to 100 nM irisin alone, 1.5 μg/mL DOX alone, or DOX combined with irisin for 24 h. (**A**) Fluorescence microscopy images (200×) showing DOX accumulation in MIA PaCa-2 (**a**) and Bxpc-3 (**b**) cells, DOX: red, hoechst33258: blue. Scale bars: 50 μm. (**B**) The cells were collected for measurement of DOX fluorescence in MIA PaCa-2 (**a**) and Bxpc-3 (**b**) cells using flow cytometry. (**C**) Quantitative comparison of fluorescence intensity in MIA PaCa-2 (**a**) and Bxpc-3 (**b**) cells. ^\#^ *P*\<0.05 compared with the DOX-treated group.](medscimonit-25-6085-g004){#f4-medscimonit-25-6085}

![Irisin increased the chemosensitivity of PC cells to DOX via inhibition of the PI3K/AKT and NF-κB signaling pathways. MIA PaCa-2 cells were exposed to 100 nM irisin alone, 0.75 μg/mL DOX alone, or DOX combined with irisin for 24 h. BxPC-3 cells were exposed to 100 nM irisin alone, 1.5 μg/mL DOX alone, or DOX combined with irisin for 24 h. (**A**) Western blot analysis of p-AKT, AKT, p-p65 (p-NF-κB), p65 (NF-κB), and IκB-α in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. β-actin served as the loading control. (**B**) Quantitation of protein expression in MIA PaCa-2 (**a**) and BxPC-3 (**b**) cells. Error bars represent SEM. \* *P*\<0.05 compared with the control group. ^\#^ *P*\<0.05 compared with the DOX-treated group. (**C**) Images (400×) of the accumulation of p65 in nucleus in MIA paca-2 (**a**) and BxPC-3 (**b**) cells. p65: Green; Hoechst 33258: Blue. Scale bars: 20 μm.](medscimonit-25-6085-g005){#f5-medscimonit-25-6085}

![Irisin had no effects on DOX-induced cardiotoxicity. (**A**) (**a**) H9c2 cells were treated with different concentrations of irisin (0, 5, 10, 50, and 100 nM). (**b**) H9c2 cells were treated with different concentrations of DOX (0, 0.375, 0.75, 1.5, 3, 6, 12, and 24 μg/mL) combined with 100 nM irisin. Cell viabilities were measured by MTT assay. (**B**) H9c2 cells were exposed to 100 nM irisin alone, 3 μg/mL DOX alone, or DOX combined with irisin for 24 h. (**a**) Western blot analysis of cleaved PARP and cleaved caspase-3 in H9c2 cells. β-actin served as the loading control. (**b**) Quantitation of protein expression in H9c2 cells. Error bars represent SEM. \* *P*\<0.05 compared with the control group.](medscimonit-25-6085-g006){#f6-medscimonit-25-6085}
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